Metallosilicates containing manganese or iron group metals were prepared using a rapid crystallization method. The acidities of these metallosilicates and catalytic activities for the conversion of light olefins to gasoline fraction were investigated. The acidity and catalytic activity of the synthesized Mn _ silicate did not depend on the manganese content. In contrast, the acid strengths and catalytic activities of metallosilicates containing iron group metals (iron-group-silicates) depended on the content and type of iron group metal. The acidity of the irongroup-silicates increased in the following order:
Introduction
In contrast to other conventional zeolites, ZSM-5 zeolites can be synthesized with very high silicon-toaluminum ratio, but also with low aluminum-to-silicon ratio of less than 1/10. The hexane cracking activity of ZSM-5 zeolites is linearly proportional to the aluminum content even at the ppm level, indicating that variation of the aluminum content in the ZSM-5 structure will not result in any change in the catalytic activity 1) , whereas the reactivity can be changed. Therefore, to qualitatively modify the excess acidity and hydrogen transfer characteristics of ZSM-5 zeolites, various MFI-type metallosilicates have been synthesized by substituting aluminum in ZSM-5 with other transition elements at the stage of gel formation prior to crystallization 2) 9) . The catalytic performance of such metallosilicates for various types of reactions has also been investigated.
Various MFI-type metallosilicates were synthesized using our original preparation method, i.e., a rapid crystallization method 10) 12) . Addition of very small amounts of other elements (atomic ratio of silicon to metal 3200) 10),13), 14) and various metal sources 15) 17) caused significant changes in not only the morphology of the synthesized crystals, but also the catalytic activity for methanol and propylene conversion. In methanol conversion, the catalytic activities of both Co _ and Ni _ silicates were similar to that of Fe _ silicate, and the catalytic activity of Mn _ silicate was similar to that of ZSM-5 13) . However, the very small amounts of manganese, cobalt, and nickel did not show whether these catalytic activities were attributable to the presence of metal in the metallosilicate or to the effect of aluminum contaminant on the catalytic activity of the metallosilicate.
The present study investigated the catalytic properties of MFI-type metallosilicates containing manganese and iron group metals such as iron, cobalt and nickel in light olefin conversions for comparison with that of ZSM-5 zeolite (Al _ silicate).
Experimental

1. Preparation of Metallosilicates Containing
Aluminum, Manganese and Iron Group Metals MFI-type metallosilicates containing aluminum, manganese and iron group metals (iron-group-silicates) were synthesized by our original synthesis method for an Al _ silicate, i.e., the rapid crystallization method 10) 12) . Metal nitrate salts were used as the starting materials. The amount of manganese in the Mn _ silicate was varied from 0 to 4.2 wt% as manganese oxide. The ratios of silicon to iron group metal in the iron-group-silicates were 3200 and 400, and the ratios of silicon to aluminum in the Al _ silicate were 3200, 400 and 40. For use in acid-catalyzed reactions, the Al _ silicate, Mn _ silicate and iron-group-silicates were converted to proton-type materials by ion-exchange with 1 M (1 M 1 mol dm -3 ) ammonium nitrate solution followed by deammoniation in an air stream at 540 for 3.5 h.
Characterization of Catalyst
X-ray diffraction (XRD) pattern of each catalyst were measured using a Rigaku-Denki Geigerflex-2013 X-ray analyzer, with nickel-filtered monochromatic copperKa radiation in the angular (2q) range of 70 to 4°. The BET surface area of the catalyst was measured by nitrogen gas adsorption with the continuous flow method using a gas chromatograph at liquid nitrogen temperature. Helium was used as the carrier gas. The chemical composition of a crystal was measured by a Shimadzu atomic absorption/flame emission spectrophotometer AA-640-01. The acidity of the catalyst was measured by the temperature-programmed desorption (TPD) technique of ammonia 18) , 19) with a Rigaku thermal analyzer TG-DSC-8012.
3. Reaction Method
Olefin-to-gasoline conversion was carried out using a conventional flow reaction apparatus. The catalyst was packed in a transparent 8-mm inner diameter quartz tubular reactor and pretreated under flowing nitrogen gas at 500 for 30 min to standardize the catalyst surface conditions by removal of adsorbed water. The reactant gas was fed to the reactor, and the products were directed to a cold trap. The integrated formation rate of the liquid products was determined by measuring the amount of liquid during a specific time on stream, and the formation of the gaseous products was determined by measuring the flow rate using a soap film flow meter. The products were simultaneously analyzed using three gas chromatographs (two FID-types and one TCD-type) with MS-5A, VZ-10 and Silicone-OV-101 columns. The olefin-to-gasoline conversion reaction was carried out under the following conditions: reactants, ethylene, propylene or butenes; reaction temperature 300 (for propylene and butenes) or 330 (for ethylene); space velocity 1000 h -1 ; time on stream 5 h.
Results and Discussion
1. Crystal Structure and Specific Surface Area
The XRD patterns of the Mn _ silicate and the irongroup-silicate were similar to that of the Al _ silicate. In addition, all metallosilicates had very high surface areas of more than 350 m 2 /g. These results indicate that all prepared metallosilicates had an MFI-type pore structure with high crystallinity.
2. Chemical Composition
The quantitative analyses of silicon and manganese in the Mn _ silicates are shown in Fig. 1 . The observed manganese content coincided well with the charged amount and was strictly proportional to the charged manganese content, indicating that the entire amount of manganese charged was quantitatively represented in the Mn _ silicates. The content of aluminum in the Mn _ silicates is also shown in Fig. 1 . The amount of aluminum was less than 10 µmol/g. The aluminum in the Mn _ silicates may have resulted from the presence of aluminum impurity in the water glass as a silicon source.
The unit cell volumes of the Mn _ silicates were calculated on the basis of their XRD patterns. The unit cell volumes of the Mn _ silicates were almost constant regardless of the manganese content. Previous analysis of electron spin resonance (ESR) spectra in manganesecontaining silicates has shown that manganese(II) ions incorporated in the silicate crystal accounted for only 0.5-2 wt% of all charged manganese(II) ions 2), 4) . Therefore, manganese is not incorporated into an MFItype silicate framework.
The chemical analyses of the iron-group-silicates and Al _ silicate are listed in Table 1 . The observed contents of the iron group metal increased with higher charged contents, although the amounts of incorporated metal were somewhat lower than that charged except for the case of the Fe _ silicate with a charge ratio of 3200. The observed aluminum contents, which resulted from contamination, were almost constant regardless of the iron group metal content. 
Acidity
Temperature-programmed desorption (TPD) of ammonia was carried out for the Mn _ silicates with siliconto-manganese ratios of infinity, 500 and 30. The ammonia-TPD profiles are shown in Fig. 2 . In general, the TPD profile of Al _ silicate consisted of two peaks, a higher temperature peak due to strong acid sites and a lower temperature peak due to weak acid sites. The TPD profiles of the Mn _ silicates exhibited one dominant peak due to weak acid sites. The higher temperature peak due to strong acid sites was weak because a small amount of ammonia desorption occurred above 300 . In addition, all Mn _ silicates showed almost the same profile as the silicalite (Mn _ silicate with a silicon-to-manganese ratio of infinity).
Ammonia-TPD profiles of the iron-group-silicates with a silicon-to-metal ratio of 3200 are shown in Fig. 3 . These profiles consisted of two peaks similar to that of the Al _ silicate. As shown in Fig. 3 Sample weight: 150 mg, heating rate: 10 /min, feed gas rate: 50 mL/min. Sample weight: 150 mg, heating rate: 10 /min, feed gas rate: 50 mL/min.
Fig. 3 Ammonia-TPD Profiles of Iron-group-silicates with a Silicon-to-metal Ratio of 3200
Sample weight: 150 mg, heating rate: 10 /min, feed gas rate: 50 mL/min. and Ni _ silicate were measured using the ammonia-TPD method. Figure 4 shows the ammonia-TPD profiles of Co _ silicate with silicon-to-cobalt ratios of infinity, 3200 and 400. The area of the higher temperature peak increased with higher cobalt concentration in Co _ silicate. The finding for Ni _ silicate was similar to that for Co _ silicate. The observed aluminum content was almost constant regardless of the cobalt content. Therefore, iron ions were incorporated into the silicate crystal and contributed to the formation of strong acid sites 13) . Analogously, a small amount of cobalt or nickel ions was also incorporated into the silicate crystal and contributed to the formation of strong acid sites.
4. Propylene Conversion over Mn-Silicates
Propylene conversion over Mn _ silicates with various silicon-to-manganese ratios and Al _ silicate with siliconto-aluminum ratio of 40 was performed using nondiluted propylene as a reactant. The propylene conversion and hydrocarbon selectivity are listed in silicate, which had the best selectivity of the four metallosilicates for C1-C4 paraffins, had a selectivity for CH4 of only 1.0 wt%. The formation of CH4 was negligible over the iron-group-silicates. These findings agree with the results obtained for methanol conversion. These results could be explained based on the differences in the strength of the strong acid sites. In methanol conversion, the strong acid sites contribute to hydrogen transfer to the light olefins 21),23), 24) , which consequently form aromatic hydrocarbons together with the corresponding paraffins.
The catalytic activities for propylene conversion over the iron-group-silicates and Al _ silicate with silicon-tometal ratio of 400 were similar to those over the silicates with silicon-to-metal ratio of 3200. The selectivities for light olefins and aromatic hydrocarbons are listed in Table 4 . The selectivity for light olefins decreased with higher charged content of the metals and vice versa for the selectivity for aromatic hydrocarbons. The selectivities of iron-group-silicates with silicon-tometal ratio of 3200 or 400 were not similar to those of iron-group-silicates with silicon-to-metal ratio of infinity. Accordingly, aluminum impurity could not be responsible for the characteristics for propylene conversion. ethylene conversion over iron-group-silicates and Al _ silicate with silicon-to-metal ratio of 3200 are shown in Table 5 . In contrast to propylene conversion, ethylene conversions were quite low over the irongroup-silicates. For example, the ethylene conversion was only about 27 % over Co _ silicate. However, the product distribution in ethylene conversion was consistently similar to that in propylene conversion as shown in Table 3 , and Co _ silicate also exhibited the lowest selectivity for aromatic hydrocarbons among all irongroup-silicates in ethylene conversion.
The results of 1-butene conversion over iron-groupsilicates and Al _ silicate with silicon-to-metal ratio of 3200 are shown in Table 6 . The apparent 1-butene conversions over the iron-group-silicates and Al _ silicate were more than 96 %. However, feed 1-butene could not be differentiated from 1-butene produced by isomerization and/or cracking in these experiments, so was eliminated from the product distribution as shown in Table 6 . In spite of the introduction of this quantitative ambiguity, the general trend of product distribution consistently coincided with those of the propylene and ethylene conversions as shown in Tables 3 and 5 , respectively, and Co _ silicate also exhibited the lowest selectivity for aromatic hydrocarbons among all the iron-group-silicates in 1-butene conversion. Similar results were obtained for the other butene isomers.
Conclusions
The acidity and catalytic activity for light olefin conversions of Mn _ silicates depended on the manganese content. In contrast, the acidity and catalytic activity for light olefin conversions of the iron-group-silicates depended on the content and species of iron group metal. The strong acid sites of the iron-group-silicates were weaker than those of Al _ silicate. Consequently, irongroup-silicates exhibited low selectivities for C1-C4 paraffins and aromatic hydrocarbons, whereas Al _ silicate had high selectivities for C1-C4 paraffins and aromatic hydrocarbons. Moreover, Co _ silicate had the weakest acidity among all iron-group-silicates and showed lower selectivity for aromatic hydrocarbons than the other iron-group-silicates in light olefin conversions. 
